Craving is what makes addiction to drugs so difficult to overcome. The intense craving that follows a cue that has been previously associated with the drug, combined with a stressful state or a dysphoric state, represents an unstoppable force that leads to drug intake and relapse for most addicted individuals. However, although difficult, some people successfully control this craving, but the brain mechanisms responsible for this selfcontrol are largely unknown. In the paper by Hayashi et al. (1), the authors unveil some of the neuropsychological mechanisms responsible for self-control by demonstrating that inactivation of the dorsolateral prefrontal cortex (dlPFC) decreases the craving that a smoker experiences when told that he will be able to smoke a cigarette a few minutes later, through inhibition of the process of valuation of drug-related stimuli mediated by the medial orbitofrontal cortex (mOFC), anterior cingulate cortex (ACC), and ventral striatum (VS). A two-stage process of cue reactivity is proposed by Hayashi et al., in which the mOFC tracks the subjective value of the drug, indexed by craving selfreports, and the dorsolateral prefrontal cortex (DLPFC) incorporates intertemporal availability and cue information to modulate the presumed mOFC value signal. This is a compelling conceptual advance consistent with existing models of frontal decision-making circuitry.
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Drug cues, such as the sight or smell of cigarettes, provoke intense craving in smokers that can be very difficult to control and often lead to drug-seeking and -taking (2) . Several brain regions, such as the OFC, ACC, and VS, have been shown to be activated in response to the presentation of drug cues. These structures have been hypothesized to encode not only the subjective value of drug-related cues but also the value and cost of the actions related to procuring the drug (3) (4) (5) . The DLPFC has been hypothesized to combine these valuations together with other information, such as the drug context, drug availability, affective states, and outcome, to allow efficient decision-making (6) . Dissecting the specific roles of these brain regions during craving and how they interact with each other is a challenging task in humans. The elegance of the study by Hayashi et al.
(1) lies in its within-subject design that combines functional magnetic resonance imaging (fMRI) and focal inactivation of the DLPFC using transcranial magnetic stimulation (TMS) in smokers to allow them to obtain correlational and causal evidence of the role of the DLPFC in craving.
Hayashi et al.
(1) first demonstrate that cue-induced craving for cigarettes is dramatically increased when subjects are instructed that they will be given the possibility to smoke immediately after testing (compared with 4 h later). This increased craving is associated with recruitment of the DLPFC (7). To test the causal role of the increased activity of the DLPFC in craving, Hayashi used TMS to inactivate the DLPFC during exposure to the cues and show that it prevents the increase in craving. This result alone is critical for the field because it demonstrates the causal relationship between activation of the DLPFC and cue-induced craving in a situation that is very similar to what abstinent smokers experience in the real world, in which smoking-related cues are often indicative of the imminent possibility to smoke. What is remarkable in the study by Hayashi et al. is that they did not stop here: they further investigated how inactivation of the DLPFC reduces craving through the modulation of other brain regions. They used fMRI to show that after inactivation of the dlPFC, the sensitivity of the mOFC, ACC, and VS to drug-related cues is dramatically attenuated. Moreover, the intensity of the cue-related signal in the mOFC predicts the individual's craving intensity, suggesting that interindividual differences in self-control when experiencing craving may arise from interindividual differences in the capacity of the DLPFC to stimulate the mOFC (6). Fig. 1 . Neuroanatomy of drug craving. Craving-related information is processed by the OFC, ACC, and nucleus accumbens in response to drug-related cues. Craving-related information can be modulated by the external/internal context, stress, and affective states through the hippocampus, insula, central nucleus of the amygdala, and BNST. Activation of the DLPFC produces increased craving by potentiating the response to drug-related cues through its connection with the OFC, ACC, and nucleus accumbens. The vmPFC plays a key role in emotional control and the inhibition of action associated with poor deleterious consequences. CeA, central nucleus of the amygdala; DS, dorsal striatum; GP, globus pallidus; HPC, hippocampus; NAC, nucleus accumbens; Thal, thalamus. These results are a critical step forward in our understanding of the brain mechanisms that underlie self-control during craving that may lead to better prevention and treatment of drug addiction in the future by identifying subjects with a specific neurocircuitry-based vulnerability to a lack of self-control.
This report clearly demonstrates how hyperactivity of the DLPFC in response to contextual and drug-related cues increases craving in smokers and raises several questions. Drug addiction and pathological gambling have also been associated with general hypofunction of the ventromedial (vm) PFC (8) (9) (10) (11) . Considering the key role of the vmPFC in processing the consequences of future actions (12) , inhibition of actions (13), and control of emotions (14) , investigating the interaction between the vmPFC (processing a "STOP" signal) and DLPFC (processing a "GO" signal) would be important. For example, is the cue-induced hyperactivity of the DLPFC related to the decreased activity of the vmPFC? What is the contribution of stress and emotional states in the dysregulation of the proposed dlPFC, OFC, ACC, and VS? Cue-induced craving is often assumed to reflect the subjective value of drugs, but an alternative hypothesis is that cue-induced craving also reflects the emergence of a negative emotional state or, more likely, is augmented by the emergence of a negative emotional state. Research in animal models has demonstrated that cocaine-related cues produce an aversive state that drives subsequent cocaine intake (15) , and key brain regions that are involved in processing stress and affective states, such as the amygdala and bed nucleus of the stria terminalis (BNST), are known to also be modulated by the PFC (Fig. 1) . Therefore, hyperactivity of the dlPFC, OFC, ACC, and VS may also be associated with a facilitation of cigaretterelated cue-induced negative emotions, thereby increasing the motivation to smoke to obtain relief from the negative affective
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state. Consistent with this hypothesis, deep brain stimulation of the PFC, particularly subregions that are known to modulate the OFC, ACC, and VS, are being investigated for the potential treatment of mood disorders, such as depression (16, 17) . Considering the high comorbidity between substance abuse and mood disorders and the key role of the PFC in controlling the reward and stress systems, dysregulation of specific subregions of the PFC may be involved in both disorders.
Activation of the dlPFC, OFC, ACC, and VS during craving may reflect increases in the positive or negative reinforcing effects of drug-related cues. The report by Hayashi et al. represents a major step forward in our understanding of the mechanisms that underlie self-control during craving and leads to a converging hypothesis about how dysregulation of specific subregions of the PFC and striatum produces vulnerability in response to drug-related cues. Their results certainly pave the ground for the future development of novel treatments for drug addiction.
